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Abstract 
Three-dimensional interconnected nanoporous graphene (NPG) microfoams and nanofoams 
are developed via a new approach of solid-state catalytic growth. Both NPG microfoam and 
nanofoam exhibit similar nanoporous structures that contain close tubular pores and open 
non-tubular pores but with different particle sizes. As electrochemical reactors for sulfur 
cathodes, sulfur is encapsulated inside the tubular pores. It is found that NPG nanoreactors 
can enhance the electrochemical performances in comparison with NPG microreactors, 
including improved reversible capacities, cyclic performances and rate performances in 
particular. The electrochemical impedance spectroscopy analysis reveal that NPG 
nanoreactors facilitate Li+ transportation and decrease the charge-transfer resistance in 
comparison with the microreactors, promoting the redox kinetics of multi-step conversions 
between sulfur and lithium sulfides. This work demonstrates a significant particle size effect 
of nanoporous graphene on the Li-S electrochemistry and can be useful for designing Li-S 
batteries as well as other electrochemical energy storage systems. 
  
                                                          
*




Lithium-sulfur (Li-S) batteries possess 3–5 times higher energy density than conventional Li-
ion batteries and can be one of the most promising battery systems. The abundance and low 
cost of sulfur, being the lightest cathode material [1], endow Li-S batteries with a higher 
theoretical specific capability (1167 mAh/g based on pure Li anode and sulfur cathode) than 
the state-of-the-art lithium ion batteries (e.g. 117 mAh/g for LiC6|Ni1/3Co1/3Mn1/3O2) and 
possible much lower costs [2-4]. However, there are still a number of challenges for the Li-S 
batteries including issues from the sulfur cathodes, such as the poor electric and ionic 
conductivity of sulfur and lithium sulfides, notorious dissolution and migration of lithium 
polysulfides species in the conventional liquid ether electrolyte during lithiation and 
delithiation processes, and volume expansion of sulfur during discharge [5,6]. In combination 
with issues originated from lithium anode, the as-caused low utilization of sulfur, low energy 
densities and short service life lead to difficulties in the commercialization of Li-S batteries. 
To address the cathodic problems, an effective and common strategy is immobilizing 
sulfur in porous conductive matrixes [7], which are mostly carbonaceous materials attributed 
to their low density, high electric conductivity, high specific surface area (SSA) and good 
chemical stability [8,9]. For example, the porous carbon materials can not only significantly 
improve the electric conductivity of sulfur electrodes, but also can trap the polysulfides 
species while delaying the migration of polysulfides [10]. Currently there are various kinds of 
carbon materials comprising different structures, shapes, sizes, components and forms from 
macroscopic to nanoscales developed for hosting sulfur [8-10,11-14]. Their intrinsic features 
such as microstructure, pore size, pore volume, components, specific surface area and particle 
sizes of porous carbon could influence the electrochemical performances of sulfur cathodes. 
Previous works have already proved the influences of pore sizes and pore volume of porous 
carbon on the energy storage of Li-S batteries [15-21]. Numerous works also reported various 
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carbon hosts including micron-sized to nano-sized particles [8-10,22]. Nevertheless, to the 
best of our knowledge, it lacks a systematic study of the impact of particle size of the carbon 
hosts on the electrochemical energy storage of Li-S batteries since the previous studies 
contained other variables such as large differences in pore sizes or volumes and SSA in 
addition to the particle size parameter. Well understanding the particle size effect of host 
materials on electrochemical performances is helpful for designing high-performance sulfur 
cathodes. 
Hypothetically, the particle sizes of these carbon hosts, being as Li-S redox reactors, 
should have influences on the electrochemical performances. Previous studies showed that, in 
lithium-ion batteries, reducing the particle size of the active materials can significantly 
increase the electrochemical reactivity and shorten the diffusion length of Li ions within the 
particles [23,24]. In a Li-S battery, the dissolution and migration of polysulfides species and 
poor ionic conductivity of lithium sulfides make the particle size effect more complicated. 
Recently Zhou et al. pointed out that the particle size of zeolitic imidazolate framework can 
balance the internal diffusion and leaching of polysulfides to optimize the reversible capacity 
and the capacity-decay rate [ 25 ]. However, the zeolitic imidazolate framework is not 
electrically conductive but the porous carbon is. This difference hints that the electrons could 
easily transport to the internal interfaces of sulfur/carbon particle reactors and facilitate the 
redox reactions. Moreover, zeolitic imidazolate framework mainly contains micropores but 
many promising porous carbons hosts have a wide pore ranges from micropores to mesopores 
and macropores. Considering the differences in the distributions of active materials, 
transportations of electrons, ions and other polysulfides species, hence the influences of 
particle sizes of porous carbon on the Li-S reaction are more complicated than in Li-ion 
batteries and zeolitic imidazolate framework reactors. 
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For improving the performance of Li-S batteries, nanoporous metal-templated 
nanoporous graphene (NPG) with 3D interconnected pores have exhibited remarkable 
potentials ascribed to its intrinsic pores and excellent physical and chemical properties of 
graphene building blocks [26-28]. Different from porous graphene made by self-assembly of 
reduced graphene oxides [ 29 - 31 ], 3D interconnected NPG comprises continuously 
interconnected tubular pores, similar to a winded and jointed carbon nanotube. Its intrinsic 
porous structure enables encapsulation of sulfur in the tubular pores [17]. Because the particle 
size of NPG varies the effective length of interconnected tubular pores, we expect a possible 
dependence of Li-S reaction on the size of NPG reactors. However, it is a challenge to only 
change the particle size while keeping other porous characteristics similar in 3D 
interconnected NPG or other 3D porous carbon materials [32]. 
In this research, NPG foams are selected as the proof-of-concept prototype to study the 
particle size effect of reactors on the Li-S electrochemical energy storage. We first develop an 
approach to synthesize two types of NPG foams, namely NPG microfoams of micron-sized 
particles and NPG nanofoams of nanometer-sized particles. The synthesis of NPG foams is 
performed by a catalytic solid-state growth of graphene at low temperature using nanoporous 
Ni microfoams and nanofoams as templates respectively. Both NPG foams exhibit similar 
porous characteristics, namely pore size and SSA, but different particle sizes which are on 
average ~13 µm and 500~1000 nm respectively. The distinct particle sizes selected are aiming 
to acquire obvious changes of the Li-S reactions and energy storages within the different 
reactors. The results prove that NPG nanofoams can significantly improve the reversible 
capacities, cyclic stability and in particular rate performances of the batteries in comparison 
with the microfoams. 
2. Experimental Section 
2.1 Synthesis of nanoporous Ni microfoams and nanofoams 
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Nanoporous Ni microfoam templates were prepared by reduction of commercial NiO 
micron-sized particles at 300 °C for 2 h under H2/Ar (15% H2) with a flow rate of 100 sccm 
[33]. For producing nanoporous Ni nanofoams, NiO nanoparticles were synthesized by 
thermal decomposition of nickel nitrate hexahydrate at 300 °C for 5 h in the air [34]. After 
that, the NiO nanoparticles were also reduced under the same condition as for the preparation 
of the nanoporous Ni microfoams. 
2.2 Synthesis of NPG microfoams and nanofoams  
The as-obtained nanoporous Ni microfoams and nanofoams were dipped respectively into 
polyvinylpyrrolidone (PVP, M.W.=30K) aqueous solution (0.1 g ml-1) overnight with 
ultrasonication and stirring. Then the mixtures were kept still for a few hours to let the PVP-
coated nanoporous Ni particles deposit on the bottom. After pouring away the top clear 
solution, the rest mixtures were dried at 60 °C. The dried PVP-coated nanoporous Ni 
microfoams or nanofoams were heated at 600 °C for 2 h under Ar. After cooling, the 
graphene-coated nanoporous Ni microfoams or nanofoams were obtained. Then they were put 
in 1 M FeCl3 solution and kept for 12 h with stirring. Finally the NPG microfoams or 
nanofoams were obtained after filtering and washing with DI water repeatedly. 
2.3 Synthesis of S-NPG composites 
Sulfur (350 mg) was dissolved in carbon disulfide solution, followed by the addition of 
NPG (150 mg) into the solution and stirring for 2 h. After that, the mixture was dried at 50 °C 
by evaporating CS2. The final S-NPG composites were obtained after heating the dried 
powder at 155 °C for 24 h under Ar protection. 
2.4 Materials characterizations  
The as-synthesized nanoporous Ni, nanoporous graphene and other products were 
characterized by scanning electron microscopy (FEI-Philips FEG-XL30s), and high-
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resolution transmission electron microscopy (JEOL JEM-2010F operated at 200 kV). Raman 
spectrum analyses were performed using 633 nm laser excitation on a Perkin Elmer Raman 
station. The electrical conductivity of NPG microfoams and NPG nanofoams was measured 
by a four-point-probe tester with using Van der Pauw method. Before measurement, the NPG 
microfoams and NPG nanofoams were carefully compressed into chips at the same pressure. 
2.5 Electrochemical measurements 
The S-NPG electrode was prepared by making a slurry containing 80 wt% S-NPG 
composites, 10 wt% carbon black (Fisher Scientific, Super P Conductive, 99+% (metals 
basis)) and 10 wt% polyvinylidene difluoride (PVDF) binder or PVP binder with NMP (N-
Methyl-2-Pyrrolidone). The slurry was uniformly spread onto an Al foil and dried. Then the 
electrode was cut into chips with a diameter of Ø15 mm. The mass loading of active S was 
~2.0 mg cm-2. For the assembly of the Li-S batteries, a lithium chip, a Celgard 2500 separator 
and a working electrode were sealed in a Swagelok-type cell in an argon-filled glovebox 
(UniLab, Braun, Germany). 1 M lithium bis(tri-fluoromethanesulfonyl) imide (LiTFSI) in 
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 v/v) with lithium nitrate (3 %) 
was added in each cell and the amount is around 30 µL per milligram of S. The galvanostatic 
discharge-charge performances were measured under various current densities of 0.1C, 0.2C, 
0.5C, 1C, 2C (1C=1670 mA g-1) within a potential winder 1.7–2.8 V. The electrochemical 
impedance spectroscopy was carried out within the frequency from 100 mHz to 100 kHz with 
AC amplitude of 5 mV on an electrochemical workstation (CH Instruments Model CHI760e). 
 
3. Results and Discussion 
 
Fig. 1 schematically illustrates the catalytic solid-state growth of NPG. The overall 
synthesis generally comprises three steps: (1) synthesis of nanoporous Ni micron-sized and 
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nano-sized templates by hydrogen reduction of NiO as reported previously [33], (2) solid-
state growth of graphene in the assistance of nanoporous Ni catalysts that also serve as 
template, (3) etching away the Ni templates. Step 1 and step 2 are the key synthesis procedure. 
In step 1, the particle sizes and shapes of NiO precursors can remain during reduction so these 
can determine the particle sizes and shapes of nanoporous Ni templates and further define the 
NPG foam particles. The pore size and ligament size of nanoporous Ni determine respectively 
the sizes of the non-tubular pores and tubular pores of NPG foams after etching away the Ni 
templates. Step 2 mainly involves the growth of graphene on the surface of Ni ligaments. 
Prior to heating, nanoporous Ni powders are coated with a thin solid organic film such as 
polyvinylpyrrolidone (PVP) or sugar providing carbon atoms for graphene growth. The 
heating process enables the thermal decomposition of PVP, followed with catalytic growth of 
graphene on the Ni ligaments surface [17,35]. As a result, graphene film of controlled 
thickness is formed on Ni ligaments. The low-temperature range and growth time avoid 
severe coarsening and guaranty the size retention of Ni ligaments during heating. Adjusting 
the temperature can also regulate the quality such as crystallinity and defect content of 
graphene film [17]. Thus, step 2 modifies the microstructures, wall thickness and quality of 
NPG. The pore volume and specific surface area of NPG were tuned by both step 1 and 2. 
Fig. 2 depicts the particle sizes and microstructures of NiO precursors and their 
corresponding nanoporous Ni particles after reduction. Micron-sized NiO particles mostly are 
spherical and have a size distribution of 5-20 µm and an average size of 13 µm as shown in 
Fig. 2a. After reduction, the Ni microparticles remained the shapes and sizes of NiO, but 
exhibited a porous structure comprising uniform ligaments of ~110 nm thickness and pores 
(Fig. 2b and c). These pores and ligaments are interconnected and compose three-dimensional 
micron-sized foams, namely nanoporous Ni microfoams that can be considered as being 
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equivalent to a very long Ni nanowire of 110 nm diameter but knotted, winded and turned 
into a three-dimensional architecture. 
Fig. 2d shows the uniform and ultrafine NiO nanopartciles with octahedral shape. The 
edge length of Ni octahedral particles is in the range of 500-1000 nm and 700 nm on average. 
After reduction, nanoporous Ni octahedral nanofoams are obtained as shown in Fig. 2e-f. The 
average ligament width is similar to that of the microfoams but the length of the ligament is 
smaller than that of microfoams. In particular, the particle size of Ni nanofoams is about 18 
times smaller than that of Ni microfoams. The smaller Ni nanofoams can be considered as a 
similar-diameter Ni nanowire network but with a shorter length compared to Ni microfoams. 
The volume ratio between a spherical particle with a diameter of 13 µm and an octahedral 
particle with an edge length of 700 nm is above 7000, suggesting a huge length ratio. It 
should be mentioned that in comparison with dealloying method [36], the hydrogen reduction 
method seems more facile in procedures because there is no need for complex alloy 
precursors which usually have complicated textures and the different sizes of grains that lead 
to hierarchical pores. 
Graphene microfoams and nanofoams are obtained via solid-state catalytic growth on the 
surface of Ni ligaments and subsequent etching of Ni [17]. Fig. 3 shows the NPG microfoams 
and nanofoams with sizes and shapes inherited from their corresponding nanoporous Ni 
templates. Scanning electron microscopy (SEM) micrographs in Fig. 3a, Fig. S1 and 
transmission electron microscopy (TEM) image in Fig. 3c show that NPG microfoams are 
micron-sized particles and have a porous structure containing two different types of pores. 
The nontubular open pores inherit from Ni microfoams and the close tubular pores are from 
the Ni ligaments that are etched off. Both the non-tubular pores and tubular pores construct an 
interconnected 3D network. The NPG nanofoams also comprise similar tubular pores and 
nontubular pores that construct a 3D network in nano-sized particles (Fig. 3e-g). High-
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resolution TEM (HRTEM) observations show that both NPG microfoams and nanofoams 
have multilayer graphene walls with a thickness of about 7 monolayers (2-3 nm as shown in 
Fig. 3d and h). Another difference between NPG microfoams and nanofoams is the length of 
the single tubular pores. The single tubular pores of NPG nanofoams are shorter than those of 
microfoams due to the smaller sizes and more winded turns. These differences between 
microfoams and nanofoams should lead to various encapsulations and immobilizations of 
sulfur in the hosts. With respect to the synthesis approach, the above results fully demonstrate 
that the low-temperature solid-state catalytic method is well suited for synthesizing NPG 
microfoams and nanofoams with the same particles sizes and shapes as their porous Ni 
templates. The controllability of foam particle sizes and pore sizes are mainly attributed to the 
slow diffusivity of metal atoms and good catalytic growth of graphene on Ni at low 
temperatures (i.e. 600 °C) in comparison with high-temperature chemical vapor deposition 
approaches (i.e. >900 °C) [37]. 
The quality of the NPG microfoams and nanofoams is examined by Raman spectroscopy, 
as shown in Fig. 4a. The Raman spectra of both NPG microfoams and nanofoams exhibit the 
G band at ~1585 cm-1 and D band at ~1325 cm-1. The ratio between the D and G peak 
intensities (ID/IG) reveals the defects content. The ID/IG of microfoams and nanofoams is 1.33 
and 1.36 respectively, which is higher than that of reported NPG synthesized at 700 °C and 
800 °C also by the solid-sate catalytic growth [17]. It indicates that microfoams and 
nanofoams contain many defects, reflecting that the growth temperature is very crucial for 
graphene crystallinity. The spacing between point defects of graphene, , can be estimated 
based on the following equation [38]: 
	 = 1.8 ± 0.5 × 10

 (1) 
where λ is the wavelength of the laser beam (in nanometer). By substituting the ID/IG ratios of 
microfoams and nanofoams,  is calculated in the range of 12.5~16.7 nm for microfoams 
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and 12.3~16.5 nm for nanofoams, respectively. Further, the defect density 		can be 
calculated in the range of (1.1~1.9)*1011/cm2 (1100~1900/µm2) for both microfoams and 







Fig. 4b displays the nitrogen adsorption-desorption isotherm of NPG microfoams and 
nanofoams. The Brunauer-Emmett-Teller (BET) SSA of NPG microfoams and nanofoams are 
310 and 331 m2 g-1, respectively. According to the Barrett–Joyner–Halenda (BJH) adsorption, 
the average pore size for NPG microfoams and nanofoams are both ~17 nm. The total pore 
volumes are 1.1 and 1.3 cm3 g-1, respectively, for NPG microfoams and nanofoams. The steep 
uptake in the range p/p0 < 0.01 in the N2 sorption isotherm indicates the existence of abundant 
micropores that comprise the defects. The hysteresis loop at 0.43 < p/p0 < 1 exhibits no 
limiting adsorption at high p/p0 and no clear boundary between the sorption regions 
corresponding to the meso- and macro-pores (2-110 nm). The above results demonstrate that 
the NPG microfoams and nanofoams have similar porous characteristics.  
The electrical conductivity of NPG microfoams and nanofoams is also analyzed. Both 
NPG microfoams and NPG nanofoams have good electrical conductivities (see Fig. S2). As 
the NPG microfoam and nanofoam have similar defects content, crystallinity and porous 
structure, theoretically the electrical conductivity of NPG microfoam and nanofoam should be 
the same. However, a compressed chip of NPG microfoams has higher bulk electrical 
conductivity (24±3 S cm-1) than that of a chip of NPG nanofoams (4±1 S cm-1). This can be 
ascribed to the higher content of particle boundaries in the NPG nanofoams chip than that in 
the NPG microfoams chip. 
Cathodic materials of sulfur and lithium sulfides have poor electronic and ionic 
conductivity, severe dissolution and migration of lithium polysulfides species in the 
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conventional liquid electrolyte and volume expansion of sulfur after discharge [1,2,5-7]. 
Nanoporous graphene microfoams and nanofoams can be promising reactors for lithium-
sulfur electrochemical reactions. The encapsulation of sulfur in NPG is performed by 
infiltration of molten sulfur method. Driven by capillary forces, liquid sulfur infiltrates 
through the tubular pores of NPG. After solidification, liquid sulfur shrinks to form uniform 
sulfur nanoparticles within the tubular pores. All the S-NPG composites have similar sulfur 
content of around 69 wt% as confirmed by thermodynamic analysis (TGA) shown in Fig. S3 
of Supporting information. Further investigations on the microstructure of S-NPG composites 
are carried out by electron microscopy. Fig. 5a and 5b show the microstructure of S-NPG 
microfoam composite. Sulfur particles are completely encapsulated in the tubular pores of 
NPG instead of deposition in non-tubular open pores. The uniformity of sulfur distribution is 
shown in Fig. 5b with energy-dispersive X-ray spectroscopy (EDS) mapping of C and S. 
TEM observations in Fig. 5c and 5d reveal sulfur nanoparticles encapsulated in the tubular 
pores. From Fig. 5d, the sulfur particles wrapped by graphene layers can be clearly seen, 
indicating the intimate contact between sulfur and graphene wall. Similarly, there is no sulfur 
deposit on the outer surface of tubular pores for S-NPG nanofoams (Fig. 5e). The TEM 
micrographs in Fig. 5f and g depict the distribution of sulfur nanoparticles in the tubular pores 
of NPG nanofoams. HR-TEM image in Fig. 5h also demonstrates the close contact between 
sulfur and graphene. The nitrogen adsorption-desorption isotherm of S-NPG microfoam and 
nanofoam composites confirm their similar porous features (see Fig. S4 in the Supplementary 
information) and SSA of around 44 m2 g-1. 
To evaluate the lithiation and delithiation processes of the S-NPG microfoam and 
nanofoam composites, the S-NPG composites are prepared as a cathode which is then paired 
with a lithium electrode in the cell for electrochemical investigations. The galvanostatic 
discharge and charge under different current densities from 0.05 to 2C (1C=1670 mA/g) are 
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carried out within the voltage window of 1.7-2.8 V for measuring the specific capacities 
(based on sulfur) and cyclic stabilities. Fig. 6a shows the initial galvanostatic 
discharge/charge profiles of the S-NPG microfoam and nanofoam composites at various 
current densities. Generally, during lithiation the reductions occur at two plateaus that are at 
2.4-2.1 V and 2.1-1.7 V, corresponding to the conversion from cyclic octa-atomic sulfur (S8) 
to long-chain polysulfide anions (S8→Li2Sx, x = 4~8) and from long-chain polysulfides to 
lithium sulfide (Li2S4→Li2S2→Li2S), respectively [1,2,5]. The upper-plateau reaction 
contributes ~25% of the overall capacity (QH: theoretical value = 419 mAh g-1 based on sulfur) 
while the lower-plateau reaction providing ~75% (QL: theoretical value = 1256 mAh g-1). At 
0.05C, both S-NPG microfoam and nanofoam composite electrodes exhibit high initial 
capacities of discharge and charge (1091 and 1246 mAh g-1 for S-NPG microfoam, 1285 and 
1172 mAh g-1 for S-NPG nanofoam). The high utilization of sulfur of the composite cathodes 
is ascribed to the high SSA, electrical conductivity and unique interconnected porous 
structure of nanofoams and microfoams. At 0.1C, the capacity decreases slightly for S-NPG 
nanofoam but drops rapidly for the S-NPG microfoam. With increasing the current density 
further, the capacity continues to decline. Meanwhile, the polarizations behave seriously. The 
polarizations are affected more slightly for S-NPG nanofoam than those of S-NPG microfoam, 
especially when increasing the current density from 0.2C to 2C. In particular, although there 
are severe polarizations at 1C and 2C, the discharge reaction between Li and S-NPG 
nanofoam still contains two-step reduction of sulfur, i.e. upper-plateau and lower-plateau 
reaction. In contrast, S-NPG microfoam only displayed the upper-plateau reduction, 
indicating more severe polarizations. Thus, the particle sizes of the hosting materials can 
affect the polarizations at high rates (e.g. 0.5-2C). 
We further evaluate the two-plateau electrochemical reactions in both S-NPG microfoam 
and nanofoam composite electrodes, and the discharge capacities QH and QL of the electrodes 
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at various current densities are calculated and shown in Fig. 6b. With increasing the current 
density, all QH and QL decrease. For both S-NPG microfoam and nanofoam composite 
electrodes their QL decrease faster than their QH respectively, indicating that the low–plateau 
reaction mainly caused the capacity drop at high rates. Comparing to the S-NPG microfoams, 
the S-NPG nanofoams remain higher in capacities and decrease significantly less. The QH and 
QL of S-NPG nanofoams decrease more slowly than those of the S-NPG microfoams, 
particularly at high current densities from 0.5C to 2C. This observation is clearer when 
looking through the QL at high rates. At high rates from 0.5C to 2C QL:nanofoams gradually 
decreases. In contrast, at 0.5C QL:microfoams dramatically drops and becomes 0 at 1C and 2C. 
Individually, for S-NPG nanofoams mainly QL affects the overall capacity as QH only 
decreases slightly. While for composite microfoams, both dramatic decreases of QH and QL in 
particularly at high current densities cause the rapid decline of overall capacity. 
These results reflect that the nano- and micro-foams differ in the two-plateau 
electrochemical reactions. It is known that the upper-plateau electrochemical reaction is a 
kinetically fast solid-to-liquid reaction, while the lower-plateau is a slow liquid-to-solid 
reaction kinetically [39]. For both the composite cathodes, the slower decreases of QH than QL 
are in good agreement with the faster solid-to-liquid reaction than liquid-to-solid reaction. But 
both QH and QL for nanofoam cathodes decrease slower than those of microfoam cathodes, 
suggesting that the nanofoam cathodes hold both faster solid-to-liquid and liquid-to-solid 
reactions than microfoam electrodes. It also reflects that for S-NPG nanofoams mainly the 
slow liquid-to-solid reaction limits the rate performances but both the solid-to-liquid and 
liquid-to-solid reactions do so for S-NPG microfoams. 
Fig. 6c illustrates the rate performances of the S-NPG composites. At 0.1C, the 
capacities for S-NPG nanofoams and microfoams electrodes are 1143 and 1050 mAh g-1 for 
discharge and 1077 and 996 mAh g-1 for charge, respectively. With increasing the current 
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density, the discharge capacities of S-NPG nanofoams gradually decrease and stabilize at 
around 822, 719, 560, 382 mA h g−1 for rates at 0.2, 0.5, 1 and 2C, respectively. When the rate 
returns to 0.5C, the capacity returns to 720 mAh g−1. In contrast, the discharge capacity of S-
NPG microfoams decreases faster and stabilizes at much lower values of 704, 305, 134, 54 
mAh g−1 for rates at 0.2, 0.5, 1 and 2C, respectively. Consistent with the above results, the S-
NPG microfoams exhibit poorer performances at high rates. When the current density returns 
to 0.5C, the capacity only returns to around 300 mAh g−1. 
Long-term cyclic performances at high rates are studied in order to assess the capacity 
stability of S-NPG microfoams and nanofoams. Fig. 6d demonstrates the cyclic performances 
of S-NPG composites at 0.2C. To achieve full activation of sulfur, all cells are initially 
discharged and charged at 0.05C. The first discharge and charge capacities of the S-NPG 
nanofoams electrode are 929 and 910 mAh g−1. After 100 cycles, the reversible capacities 
decrease to 613 mAh g−1. The capacity retention is 66% and the average decay rate is 
0.34%/cycle. In contrast, the S-NPG microfoams electrode has a lower initial reversible 
capacity of 768 mAh g−1, and decrease to 476 mAh g−1 after 100 cycles. The average decay 
rate is 0.38%/cycle, which is higher than that of S-NPG nanofoams. Furthermore, Fig. 6e 
shows the cyclic stability at 0.5C. The initial discharge capacity of the S-NPG nanofoams 
electrode is 923 mAh g−1, remained at 510 mAh g−1 after 300 cycles. The capacity decay is 
only 0.15% per cycle. Comparing with the S-NPG nanofoams electrode, the S-NPG 
microfoams electrode shows a lower capacity of 724 mAh g−1 at the initial cycle and 310 mAh 
g−1 at 300th cycles, leading to an average decay rate of 0.19%/cycle. These results show 
improved cyclic stability and higher reversible capacity over long-term cycling of the S-NPG 
nanofoams in comparison with S-NPG microfoams. With respect to the relative large initial 
capacity decay (particularly in the first 50 cycles) at 0.2 C and 0.5C, it is assumed that many 
defects as revealed with Raman analysis could induce holes on NPG walls that allow partial 
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dissolution of polysulfides. Compared to other 3D interconnected porous graphene/S cathodes, 
the NPG nanofoams can be regarded as a promising material for encapsulation of sulfur for 
lithium–sulfur batteries with high utilization and cyclic stability of active materials (Table S1 
of Supporting Information). 
In order to understand more deeply the causes for the different performances between the 
S-NPG nanofoam and microfoam cathodes, electrochemical impedance spectroscopy (EIS) is 
performed to detect the reaction kinetics of conversions between sulfur and lithium sulfide 
within the NPG nanofoams and the microfoams. Different electrochemical reactions kinetics 
can be reflected from the observations that QH and QL behave differently with varying rates at 
the discharge potentials 2.4-2.1 V and 2.1-1.7 V. EIS spectra of discharged batteries at 2.25 V 
and 1.7 V are detected to affirm the charge transfer resistance (Rct) and diffusivity of Li+ 
through the phases of lithium-sulfur compounds. The impedance plots of batteries at 2.25 V 
as shown in Fig. 7a are composed of one semicircle in the high-frequency region and one 
semicircle in the medium-frequency region that are corresponding to the charge transfer 
resistance at the interfaces of soluble polysulfides (Rct1) and of solid lithium polysulfides 
(Rct2), respectively [ 40 ]. The slope line in the low-frequency region is assigned to the 
diffusion of Li+ within lithium polysulfides. The S-NPG nanofoams electrode delivers smaller 
Rct1 (61 Ω) and Rct2 (34 Ω) than the S-NPG microfoams (121 Ω for Rct1 and 68 Ω for Rct2 
respectively), indicating smaller charge-transfer resistances of smaller particle sizes. Fig. 7b 
shows the impedance spectra of the cells at 1.7 V. The plots only contain one semicircle in the 
high-frequency region corresponding to charge transfer resistance at the interfaces of Li2S 
(Rct3) and one slope line in the low-frequency region assigned to the diffusion of Li+ within 
lithium sulfides. The calculated Rct3 for the S-NPG nanofoams and microfoams electrodes is 
26 Ω and 77 Ω, respectively, which demonstrates the discharge product of the S-NPG 
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nanofoams electrode having less charge transfer resistances than the discharge product of the 
S-NPG microfoams electrode. 
In addition, the diffusivity of Li+ (D) can be obtained as below [41]: 
 = 0.5 !"#$%&'

  (3) 
where R is the gas constant, T is the temperature (298.5 K), A is the area of the electrode 
surface, n is the number of electrons involved (as illustrated in Supplementary Information), F 
is Faraday’s constant, σ is the Warburg coefficient and C is the molar concentration of Li+ in 
the electrolyte. In Warburg region, Zre has a linear relationship with the reciprocal root square 
of the lower angular frequencies (ω−0.5) as shown in Eq. 4, and σ can thus be obtained by the 
slope of the linear plot [42]: 
()* = +* + +-. + /0. (4) 
where Re is the resistance of the electrolyte, Rct is the charge transfer resistance, ω is the 
angular frequency. A larger slope σ reflects a higher diffusion resistance. The linear 
relationships between Zre and 0. for the samples of S-NPG nanofoams and microfoams at 
2.25 V and 1.7 V are shown in Fig. 7c and Fig. 7d. The Warburg coefficients of the S-NPG 
nanofoams electrode are smaller than those of the S-NPG microfoams electrode. Through Eq. 
3 and Eq. 4, the ratio of diffusivities of Li+ at 2.25 V and 1.7 V between the S-NPG 
nanofoams electrode and S-NPG microfoams electrode can be obtained as shown in Eq. 5 and 
Eq. 6. 







= 2.05 (5) 







= 1.25 (6) 
It reveals that the S-NPG nanofoams electrode has higher diffusivities of Li+ within both 
long-chain lithium polysulfides when discharging at 2.25 V and lithium sulfides when 
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discharging at 1.7 V than the S-NPG microfoams electrode. The decreased interfacial charge 
transfer resistances and improved diffusivities of Li+ fully explain the enhanced 
electrochemical performances such as the utilization of sulfur (reversible capacity), rate 
performances, and polarizations of S-NPG nanofoams cathode in comparison with the S-NPG 
microfoams cathode. It also proves that the diffusion coefficient of Li+ ions within lithium 
sulfides is much smaller than that in lithium long-chain polysulfides. This causes rapid 
decline of QL than QH at the high rates and is in agreement with the observations from Fig. 6b. 
From a comprehensive view, both the NPG nanofoams and microfoams have similar 
microstructures, quality, porosities but different particles sizes. According to the EIS analysis, 
similar internal resistances of the cells are also observed for two composites. In combination 
with the electrical conductivity analyses (Fig. S2), it implies that the main cause of the 
different electrochemical performances between the microfoams and nanofoams is not the 
electron transportation but the effect of NPG foam particle size. Fig. 8 shows a schematic 
model depicting how the particle size of 3D NPG micro- and nano-reactors affects the 
electrochemical performances. The interconnected NPG micro-/ nano-foams can be 
considered as networks constituted by knotted, winded and turned tubular graphene with a 
diameter of 110 nm as revealed in Fig. 3. In this way an NPG microfoam can be equivalent to 
a long tubular graphene while a smaller nanofoam is equivalent to a shorter tubular graphene. 
Thus the length and volume ratios between a microfoam and a nanofoam are of huge 
difference. Due to the considerable large pore length of microfoam reactors, Li+ ions suffer 
from a relatively high diffusion resistance within the rather long tubular pores. In contrast, the 
nanofoam reactors have a much smaller length of tubular pores, shorten the pathways of ions 
transport and particularly facilitate the rate performances. The small particle sizes and short 
tubular pores also facilitate a more homogeneous distribution of sulfur which can be seen 
from Fig. 5, leading to smaller charge-transfer resistances in the S-NPG nanofoams than in 
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the S-NPG microfoams. The overall particle size effects cause higher reversible capacities, 




3D bicontinuously NPG microfoams and nanofoams are synthesized via a new solid-
state catalytic growth method using nanoporous Ni templates. Both NPG microfoams and 
nanofoams comprise similar porous structure (e.g. non-tubular pores and tubular pores with 
comparable diameters), wall thicknesses and defect contents, but with different particle sizes 
and shapes. By encapsulation of sulfur in the tubular pores of NPG microfoams and 
nanofoams, the S-NPG composites exhibit different reversible capacities and cycling 
performances. The S-NPG nanofoam composite cathode outperforms in particular under high 
rates. Based on the EIS analyses, the smaller particle sizes of NPG nanofoams can shorten the 
diffusion length of ions, increase the diffusion coefficient of Li+ and decrease the transfer 
resistances, resulting in faster redox kinetics. It is concluded that the particle size of sulfur 
host is an important parameter for designing electrode, which can lead to large differences in 
energy density, power density and lifespan of batteries. 
In addition, this work provides a method for synthesizing NPG micro- or nano- foams 
with controllable particle sizes and pore sizes, as one of the current challenges is the synthesis 
of well-defined metallic templates. This work also provides guidelines for designing high-
performance sulfur cathodes using graphene and other conductive micro/nano-porous 
materials. The as-developed nanoporous graphene nanofoams and microfoams could be also 
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Fig. 1 Schematic illustration of the approach for synthesis of nanoporous graphene (NPG) 
microfoams and nanofoams. The route includes 3 steps: hydrogen reduction for synthesis of 
nanoporous Ni, heating nanoporous Ni coated with solid-carbon for solid-state growth of 
graphene with assistance of nanoporous Ni catalysts, and etching away the Ni templates. Two 




   
   
Fig. 2 SEM images of (a) NiO microspheres, (b and c) nanoporous Ni microfoams, (d) NiO 








Fig. 3 (a, e) SEM micrographs showing NPG microfoam particles (left column) and NPG 
nanoform particles (right column); (b, f) SEM micrographs and (c, g) TEM images showing 
the porous structure of NPG microfoam and nanofoam; (d, h) HRTEM images showing 






Fig. 4 (a) Raman spectrum and (b) N2 adsorption–desorption isotherms of microfoam and 
nanofoam.  

















































Fig. 5 (a) SEM image of S-loaded NPG microfoam particle, (b) SEM micrograph of high 
magnification showing uniformly encapsulated S in the tubular pores of NPG microfoam 
confirmed with element mapping of C and S, (c, d) TEM and HRTEM images revealing 
encapsulation of S particles in NPG microfoam; (e) SEM image of S-NPG nanofoam particle, 
(f, g) TEM and (h) HRTEM images showing homogeneously encapsulated S particles in 







Fig. 6 (a-c) Voltage profiles, the capacities contributed from upper-plateau and lower-plateau 
reactions, discharge/charge capacities and Coulombic efficiency of the S-NPG composite 
cathodes cycled between 1.7 and 2.8 V under different current densities from 0.05C to 2C; (d 
and e) discharge/charge capacities and of Coulombic efficiency of the S-NPG composite 
cathodes at 0.2C and 0.5C rate. 
  













































































































































































































Fig. 7 EIS spectra of cells with S-NPG microfoams and nanofoams cathodes at different 
stages: (a) discharge to 2.3 V, (b) discharge to 1.7 V, (c and d) the relationship between Z’ 
and ω−1/2 at low frequencies for S-NPG composite electrodes discharged at 2.25 V and 1.7 V, 
respectively. 
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Fig. 8 Simplified schematic model of S or Sx2- (intermediate or final discharge 
products)@tubular pores of NPG microfoams and @tubular pores of nanofoams. The 
utilization of sulfur and rate performances are determined by the length of equivalent tubular 
pores and diffusion resistance of Li+ within the tubular pores 
 
